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Abstract: This paper demonstrates the transformation of the industrial residue (copper slag) of
a Swedish mining and smelting company “Boliden”, through geopolymerization, into advanced
building materials. The main objective of this experimental study is the assessment of the appropriate
conditions for the preparation of alkali-activated slag-based geopolymer pastes with further foaming
production, by aluminum powder addition. The alkaline-activating solution used was KOH, at a con-
stant concentration (8 M). The effect of crucial operating parameters, such as S/L ratio (3.5–4.5 g/mL)
and aluminum powder addition (0.12%–0.22%), on the geopolymer paste were studied, in order to
achieve the optimum rheological conditions of the slurry. The physical properties of the materials
were examined after the appropriate curing process (24 h at 70 ◦C), with density values ranging
between 805 and 1100 kg/m3. The mechanical performance of the materials ranged between 1.28 and
2 MPa (compressive strength), and from 0.25 to 0.85 MPa (flexural strength), indicating the strong
correlation of physical and mechanical properties. To assess the porosity and the size distribution
of the voids, image processing techniques were applied on digital images of selected samples. Ac-
cording to these results, the synthesized materials exhibit similar, or even better, properties than the
current concrete porous materials.
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1. Introduction

Extractive and raw materials processing industries are strongly related to the gen-
eration of large volumes of solid wastes and residues. In 2016, mining and quarrying
activities in the EU-28 were accountable for 25 billion tones, almost 25% of the total waste
generated [1] (Figure 1), and these steadily increased in the following years.
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Among the different industrial residues of the extractive industry, those derived
from metallurgical activities, i.e., slags, sludges, drosses, etc., stand out, as they represent
major streams in Europe, with potential utilization paths as secondary resources in several
industrial sectors, mainly the ones of constructions and building materials, in particular.

Within decades of industrial activities, a huge amount of stored industrial waste in
landfills and untapped side streams has accumulated in Europe, constituting an enor-
mous wealth that waits to be unlocked and valorized. As envisioned in the EU 2020
agenda [2], the EU boosts the transition to a resource-efficient and -sustainable society.
Several European initiatives have been developed to tackle this challenge, through increas-
ing the resource efficiency of current processes and products and re-thinking the current
linear economic model towards a circular approach. In this vision, products, processes,
and solutions are geared towards the closure of highly interconnected material cycles. The
above-mentioned issues and needs of the raw materials (RM) sector can be addressed by
the valorization of industrial residue side streams, opening new horizons for RM extraction
and processing industries, in terms of the minimization of landfilling and the valorization
of residues to added-value products that can be absorbed in high-volume markets.

A variety of industrial solid residues or wastes, such as fly ashes, metallurgical slags,
and mine wastes, as well as industrial minerals such as kaolinite, feldspars and perlite [3–7],
have been used for the synthesis of geopolymers. Extended research activities in the field of
geopolymer synthesis over the last decade has proved that geopolymers possess excellent
mechanical and physicochemical properties, resulting in high compressive strength values,
even for materials with a low density range. The latter comes out through the combination
of the geopolymerization process with a foaming technique, indicating that geopolymer
foam boards are considered ideal alternatives for many industrial applications, mainly in
the construction sector.

Geopolymerization is based on an exothermic heterogeneous chemical reaction be-
tween a solid aluminosilicate raw material and an alkali metal silicate solution, under
atmospheric conditions and temperatures up to 100 ◦C. The materials synthesized by
this reaction mainly present an amorphous or semi-crystalline Si–O–Al and/or Si–O–Si
frame [8–12].

The foaming process ideally aims at forming a large number of small, individual voids
(closed cells), or interconnected networks of voids (open cells) inside a viscous material
(i.e., a paste or a polymer). The control of the nature, size and distribution of voids is the
most critical step in the production of foamy materials, specifying their final density and
strength [13]. Voids can be produced by the following two methods: (1) by introducing a
large volume fraction of air bubbles [14], usually through the addition of surfactants; (2) by
endogenous gas generation, which can be achieved by mixing gas-releasing agents, such as
aluminum powder or hydrogen peroxide, in a cement-like paste or a mortar. Hydrogen
peroxide (H2O2) is a widely known inorganic foaming agent that is thermodynamically
unstable, and therefore can be easily decomposed to water and oxygen gas (Equation (1)),
with the latter playing the role of the blowing agent [15].

2H2O2 → 2H2O + O2 (1)

The synthesis of low-density geopolymers using hydrogen peroxide is influenced by
the optimization of the kinetics of peroxide decomposition, with the production of oxygen
and the increase in viscosity of the geopolymer paste [16].

Alumina powder is also a very well-known foaming agent, which reacts with water
and hydroxide in an alkaline environment, liberating bubbles of hydrogen gas and forming
hydrolyzed metal complexes. This takes place according to a reaction similar to the
equation (Equation (2)) below [17]:

Al(s) + 3H2O(l) + OH−(aq)→ Al(OH)4
−(aq) + 1.5H2(g) (2)
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The release of the aforementioned gases contributes to the formation of pores prior to
the hardening of the geopolymer pastes, leading to materials with a high overall porosity
and low density values after the appropriate curing process. The final hardened structures
present good mechanical and thermal properties and can therefore be used for applications
in acoustic panels and in lightweight pre-fabricated components for thermal insulation
purposes. Nevertheless, hydrogen peroxide has been proved as the foaming agent that,
under specific conditions, results in materials with lower thermal conductivity values [16].

The paper proposes a valorization approach of the copper slag from the Swedish
mining and smelting company Boliden, which leads to the production of high added-value
foamy materials for the construction sector. During this study, different parameters were
studied for the development of slag-based geopolymer foams. The produced materials
presented similar, or even better, physical properties compared to conventional ones [18,19].
In summary, the produced material of this study is beneficial for the extractive industry,
while it offers a superior and cheaper solution for insulating and/or precast purposes in
the construction sector, competing with materials such as foam concrete and AAC [18–24].

2. Materials and Methods
2.1. Materials

The raw materials used for the synthesis of foam boards consist of copper slag (by-
product of copper production operations at the Rönnskär smelter), aqueous potassium
hydroxide solution, prepared by dissolving potassium hydroxide pellets (Merck Chemicals,
99% purity) in deionized water and aluminum powder, which was selected as foaming
agent (−325 mesh, 99.5%).

The copper slag primarily contains silica (SiO2) and iron (II) oxide, which have been
combined to form a chemically stable, glass-like compound. The iron comes from the
copper parent mineral and the silica is brought in the form of sand used to form the slag
during the smelter’s processes. The received raw material after 24 h drying at 100 ◦C,
was finely grinded and sieved (≤60 µm particle size) to be proper for characterization and
further utilization in geopolymerization process.

2.2. Paste Preparation and Foaming

The received copper slag was used as silicious raw material, constituting, with the
appropriate activator, the geopolymer precursor for further foaming, through the addition
of a blowing agent to produce porous materials.

The synthesis of the paste was performed by mixing the solids with the alkaline
solution (KOH solution) until a homogenous slurry was obtained. The selected KOH
concentration was equal to 8 M according to published studies, reporting that at lower
alkalinity level, the OH− ion amount is inadequate to facilitate the dissolution of silicate
and aluminate species that promote polymerization [25]. On the other hand, under higher
alkaline conditions the oligomeric silicate species lose their stability in favor of mononuclear
silicate species at extremely high alkaline conditions [3,8,26].

This means that the species in equilibrium at extremely high alkaline conditions
shift towards mononuclear species formation, minimizing the concentration of oligomeric
silicate species in the aqueous phase and thus, decelerating the process of polycondensation
and the effectiveness of the geopolymeric process.

The rheological properties investigation of slag-based geopolymer pastes was per-
formed. The effect of solid-to-liquid ratio (S/L: 3–4.5 g/mL), in the setting time and
viscosity of the slurries, was studied. Immediately after the preparation of geopolymer
paste, based on the selected solid/liquid ratio (S/L: 3.5 g/mL), the effect of different Al
powder (0.12%–0.22%) contents in the geopolymer paste on the foaming capacity of the
fresh slurry was studied. Thus, appropriate amount of Al powder was added in the mixture
under rapid stirring (10 s) and the foamed paste poured into molds (50 × 50 × 50 mm3)
and exposed to a temperature of 70 ◦C for a period of 48 h. The maximum linear shrinkage
observed in the final materials was 1%. After the heating process, the elements were dis-
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mantled and stored under laboratory conditions for a period of 28 days in order to obtain
full strength for further evaluation of their physical, mechanical and thermal properties.

2.3. Characterization Methods
2.3.1. Analytical Methods

Raw materials (slag) characterization: Chemical analysis of the sample was carried
out as follows: (a) Using the energy dispersive X-ray fluorescence (EDXRF) instrument
Xepos (SPECTRO A.I. GmbH company); (b) using fusion method, where the sample is
dissolved in the molten flux (Li2B4O7 and KNO3) at temperature of around 1050 ◦C. The
final melt is totally dissolved in nitric acid and the metals content is performed by AAS
(atomic adsorption spectroscopy). These two methods are the most suitable for the chemical
analyses of slag samples, according to the literature [27–30]. However, the combination
of both XRF and fusion methods was selected in this study for higher accuracy in the
evaluation of specific elements. Crystallographic analysis made by P-XRD analysis of the
sample was carried out by X-ray diffractometry, using a SIEMENS D5000 diffractometer
with Cu Kα1 (Ni-filtered) radiation, in the 2theta range from 2 to 60◦ and 0.02◦/s step. The
microstructure of the material was examined using a scanning electron microscope (JEOL
JSM 6380 LV). Specific gravity was measured using a glass pycnometer according to ASTM
standard method C128.

Geopolymer pastes characterization: The resulting geopolymer pastes were evaluated
for their rheological properties. The setting time of the geopolymer pastes was measured
using a MATEST Vicat apparatus in accordance with EN 196-3:2005. The viscosity of
the geopolymer pastes was measured immediately after their preparation at ambient
temperature, using a Brookfield viscometer LV+.

Geopolymer foams characterization: The resulting geopolymer foams were evaluated
for their thermophysical properties. The apparent density “d” of the foam boards was
calculated using the equation d = m/V, where m=weight of the board, and V=volume of
the board. In order to achieve smooth and uniform dimensions that are appropriate for
further evaluation, the measurement took place after cutting the final materials using a
band saw. The water absorption test of the specimens was determined in accordance with
CEN 13755 standard [31]. The samples, after being dried to constant mass in the early
step, were placed in a container of deionized water (to remove dissolve gases) at a room
temperature of ~22 ◦C with a level reaching half the height. Water was gradually added
after 1 h to 3/4 of the height, after 2 h to complete immersion to a depth of 25 ± 5 mm. The
samples were removed from the water after 48 h, wiped with a damp cloth, and weighed
quickly. The test was measured for five samples and an average value of measurements
was taken. The total water absorption is calculated as per Equation (3), as follows:

A = (mw −md)/(md) × 100% (3)

where A is total water absorption (%), md is mass of oven-dried sample in grams, mw
is mass of the sample saturated with water in gram. The thermal conductivity measure-
ment performed using HFM 446 Lambda Series–heat flow meter for testing insulation
materials, Netzsch in the LabMet. Compressive and flexural strength measurements of
the geopolymer foams were also performed on specimens using a servo-hydraulic loading
machine (ASTM C109). For compressive strength measurement, three cubic specimens of
50 mm edge were used for each material and the mean value of the three measurements
was reported as the compressive strength of the material. Flexural strength was calcu-
lated from a three-point bending test on the samples of size 40 × 40 × 160 mm3. The
microstructure study of the porous materials was performed using a scanning electron
microscope-JEOL6380LV.

2.3.2. Image Processing Methods

Image analysis was applied in geopolymer foams to evaluate the porosity of the
samples. In this study, image analysis was carried out using the ImageJ® software (V1.8.0).
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The digital images were acquired from the saw-cut flat surfaces of the geopolymer boards,
using a commercial scanner at high resolution. The images were converted into grayscale
8-bit files, and the threshold adjustment took place. In any image, the dark-colored areas
account for the pores of the sample while the bright ones indicate the geopolymer matrix.
Through threshold adjustment, the area of dark objects was computed in pixels, and the
porosity was calculated based on the area of the pores and the total area of the image.

3. Results and Discussion
3.1. Characterization of Raw Material (Cu-Slag)

Table 1 presents the chemical analysis of the sample, as well as the specific gravity
measurement. The chemical analysis of copper slag (Boliden) shows that the material is
rich in iron and silicon oxides. Amounts of aluminum and calcium are also detected, while
small quantities of copper (0.85%) and zinc (2.14%) are present as well. These results are
in accordance with the typical chemical analysis of copper slag samples, according to the
literature [32–34]. As far as the specific gravity is concerned, the results show that copper
slag is a heavy raw material with a value of 3.37 g/cm3, which is the average true value of
similar materials.

Table 1. Chemical analysis of copper slag.

Oxides, % w/w
FeO Al2O3 SiO2 Na2O CaO ZnO MgO CuO Others Total, % S.G, g/cm3

44.41 3.30 39.95 1.05 4.08 2.14 1.77 0.85 2.08 99.61 3.37

Crystallographic analysis, made by P-XRD analysis of raw material, was also per-
formed, and the results are presented in Figure 2.
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Figure 2. XRD pattern of copper slag.

In the XRD pattern of copper slag, there seems to be a broad hump in the region
between 2θ = 20 and 40◦, indicating the existence of amorphous silicate phases [33]. No
evidence of any crystalline phase in this sample is shown, so this suggests that the slag is
almost totally amorphous. Crystalline phases are well known for reducing the effectiveness
of the slag under alkali-activation [34], due to the stability of these crystalline structures
and their inability to dissolve in alkaline solutions [35], rendering copper slag as a proper
raw material for geopolymerization processes. Microstructure study of the raw material
was also performed. The results are presented in Figure 3.
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Figure 3. Microstructure images of copper slag at 330×magnification and 50 µm scale.

SEM images confirm the amorphicity of the material, which was also indicated by the
crystallographic analysis in Figure 2.

3.2. Properties of Geopolymer Pastes and Foams
3.2.1. Effect of S/L on Rheological Properties of Geopolymer Pastes

The aim of this study is to define the optimum rheological properties of the geopolymer
pastes, which will be mixed up with Al powder (blowing agent) in the next step, to produce
porous materials. This means that the rheology of the paste is a crucial factor controlling
the quantity of gas (produced by Al powder) that will be entrapped in the geopolymer
matrix, leading to successful foaming of the prepared slurry. As a result, setting-time tests
and viscosity measurements (Figure 4), carried out on geopolymer pastes of different solid-
to-liquid ratios, enabling the appropriate rheological conditions to be defined. The effect of
the solid-to-liquid (S/L) ratio on the geopolymer pastes setting time was investigated in
the range of 3 to 4.5 g/mL. Lower S/L values resulted in watery pastes, with no potential
to keep an adequate gas amount during foaming. Higher S/L values led to slurries with
extremely high viscosities, as indicated by the intensive mixing conditions required during
the mechanical stirring of the paste. Extremely high viscous pastes are not desirable for
blowing agent addition, prohibiting the smooth gas release inside the matrix and resulting
in non-homogeneous porous materials. The KOH concentration in the activating phase,
and the curing temperature, were both kept constant at 8 M and 70 ◦C, respectively. The
results are shown in Figure 4a, where the setting time is plotted at different S/L ratios.
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The results presented in Figure 4a reveal the fast solidification of geopolymer pastes,
ranging between 40 and 70 min in all of the cases. As a general trend, an increase in the S/L
ratio leads to faster paste solidification under constant conditions. This is attributed to the
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fact that an increased S/L ratio, which means there is a higher ratio of slag per volume of
the activating solution, can cause an increase in the concentration of silicon and aluminum
species in the aqueous phase of geopolymerization, accelerating the polycondensation
phenomena, and therefore reducing the setting time of the pastes [36–38]. More specifically,
the lowest studied S/L value (3 g/mL) prolongs the setting time to 70 min, while the
higher studied S/L ratios (3.5–4.5 g/mL) follow the same, more or less, setting behavior,
differentiating only at the final setting time, which varies between 40 and 50 min for all of
the pastes.

However, each geopolymer system (depending on the raw material and the activating
phase) presents a limited optimum S/L range, which is a blend of several parameters,
constituted not only by the experimental results and measurements, but also by the em-
pirical handling and evaluation of the materials. Thus, even though the pastes of the
maximum S/L ratios resulted in accelerated hardening, at the same time they presented
limited workability during the mixing stage, indicating difficulties for further treatment
either in viscosity measurements (spindle could not be rotated inside the paste) or in the
foaming process.

Ensuring proper viscosity in the base mix is vital in achieving optimum foaming.
Therefore, it is necessary to explore the effect of the mass ratio of the solid-to-aqueous
phase on the properties and pore structure of foamed geopolymers. According to the
setting time results, pastes with S/L: 3 and 3.5 g/mL proved to be appropriate for further
rheological study, while a higher S/L level (4–4.5 mL) led to extra-thick slurries with no
potential to be adjusted in the viscosity equipment, as the inserted spindle could not be
rotated inside the samples. The results are shown in Figure 4b, where the viscosity of the
paste is plotted at different rotational speeds.

Geopolymer pastes are non-Newtonian shear-thinning fluids that achieve very low
viscosities at high shear stresses [39]. High viscosity values are achieved from low rotational
speeds in both of the cases (S/L: 3 and S/L: 3.5 g/mL), but the slightly higher viscosity
value (8000 cP × 103) for the maximum S/L ratio (3.5 g/mL) confirms the setting time
results (Figure 4a), justifying the faster polymerization, and therefore solidification, of the
pastes, due to the optimized polycondensation phenomena under the highest solid-to-
liquid ratio. Under low viscosity conditions, the generated gas bubbles can easily migrate,
leading to a rapid collapse of the fresh foam paste [40]. According to these results, an S/L
ratio (3.5 g/mL) will be applied for further foaming of the paste, as this is more suitable
for a stable foam structure in terms of regularity, porosity and pore distribution. Thus,
the optimum produced geopolymer slurry (Table 2) was casted and cured in order to
create a compact geopolymer material (Geo) for further evaluation before the foaming
process application.

Table 2. Experimental conditions of compact geopolymer material (Geo).

S/L, g/mL 3.5
[KOH], M 8

Curing time, h 24
Curing temperature, ◦C 70

The final material evaluated in terms of its physical and mechanical properties, and the
results are collected in Table 3.

Table 3. Evaluation of optimum produced geopolymer material with S/L ratio (3.5 g/mL) and [KOH]: 8 M.

Material Density, kg/m3 Compressive Strength (after 28 Days), MPa Flexural Strength (after 28 Days), MPa

Geo 2195 9 3.2

According to the results, geo is a promising material for further foaming treatment,
presenting good mechanical performance for the measured density level. Al powder
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addition in the slurry is expected to produce porous materials with homogenous porosity,
decreased density, and satisfying strength values.

3.2.2. Effect of Al Powder Addition on Geopolymer Foam Properties

The effect of Al powder addition on the physical and mechanical properties of pro-
duced geopolymer foams (based on the optimum paste’s recipe, defined by Figure 4) was
studied under specific experimental conditions (Table 4).

Table 4. Experimental conditions of geopolymer foams with different % Al powder addition.

S/L, g/mL 3.5
[KOH], M 8

Al powder, wt.% (to paste) 0.12, 0.15, 0.18, 0.22
Curing time, h 24

Curing temperature, ◦C 70

Figure 5 depicts the apparent density, and (a) compressive strength and (b) flexural
strength of the foam boards as a function of the content of the foaming agent (Al powder)
in the paste.
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Figure 5. Density values and (a) compressive strength, (b) flexural strength of geopolymer pastes after 28 days of hardening,
in function of different % Al powder additions at S/L: 3.5 g/mL, 8 M KOH and 70 ◦C curing temperature.

It is observed, from Figure 5, that the apparent density decreases substantially as the
% Al powder increases up to 0.15%, reaching the value of 805 kg/m3. Further addition
of the agent seems to have a negative impact on the board’s apparent density, leading to
slightly higher values. The density rise in the 0.18 and 0.22% Al powder is attributed to
the formation of extremely big-sized voids, produced by the high gas amount in the paste,
leading to decreased porosity and non-uniform foaming.

The correlation between the mechanical properties and the apparent density of the
boards is also presented in Figure 5, showing that both the compressive and flexural
strength follow the density’s trend, decreasing in the function of Al powder addition
(0.15%) up to 1.28 and 0.25 MPa, respectively, while further agent addition leads to slightly
higher values. The typical flexural strength of geopolymer foams is significantly lower
than the compressive strength, but it follows a similar trend, as is also reported by Yang
et al. [41]; however, flexural strength is more sensitive to the variations in density and pore
characteristics compared to compressive strength [42].

The results of Figure 5 are in accordance with the previous publication of Tsaousi
et al. [43], where it is reported that the addition of a high volume of foam produces materials
with decreased density, and thus, this lowers the mechanical strength. Similar behavior,
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concerning the mechanical properties of the materials in function of the concentration of
the foaming agent, is also noted in the case of fly ash geopolymers and geopolymer foam
concrete, as indicated by the studies of Nambiar and Ramamurthy [44], Soutsos et al. [45],
and Zhang et al. [46], respectively.

The material produced by 0.15% Al powder (named GeoFoam), which was selected as
more suitable for further evaluation, including water absorption and thermal conductivity
evaluation (Table 5), combined low density with satisfying mechanical properties. In
addition, the porosity of this material proved acceptable, as the higher addition of foaming
agent resulted in extreme expansion conditions with huge pore size formation.

Table 5. Evaluation of optimum produced material.

Material
Density,
kg/m3

Compressive
Strength, MPa

Flexural
Strength, MPa

Water
Absorption, %

Th. Conductivity
W/mK

GeoFoam 805 1.28 0.25 42.3 0.085

The purpose of the thermal conductivity measurement is to investigate if the produced
material could be considered as an insulating one, enhancing its total performance of
its final application. In comparison with similar commercial materials, the copper slag
geopolymers present better thermal conductivity (0.085 W/mK) than AAC blocks and
foam concrete, with values of 0.12 and 0.1 W/mK, respectively [18,19]. In this regard,
the produced materials could be used as porous masonry materials with great applications
in the construction sector, combining very good thermal and physical properties with
satisfying mechanical properties.

The water absorption test of the specimens was performed to know the total water
absorption capacity of geopolymer foams. As a general trend, the water absorption of the
sample reaches high values, which is reasonable, as it belongs in the category of porous
materials with a high potential of moisture permeability through its sponge-like structure.
Thus, the value of 42.3% that came out is comparable to similar materials reported in the
literature [47,48] and denotes the interconnected cell structure of the material that resulted
in channel formation, as can also be confirmed by the following microstructure study of
geopolymer foams.

3.3. Microstructure and Porosity of Geopolymer Foams
3.3.1. SEM

Physical and mechanical properties of GeoFoam are also confirmed by the microstruc-
ture study of the material (Figure 6).
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Figure 6. Scanning electron microscopy images of GeoFoam at magnification ×18 and scale 1 mm
(S/L: 3.5 g/mL, [KOH]: 8 M, Al powder addition: 15 wt.%, curing: 48 h at 70 ◦C).

GeoFoam presents big pore sizes that are divided by thick walls, justifying the rela-
tively low density of this type of material (compared to compact materials), followed by its
limited mechanical properties. The correlation between the apparent density, mechanical
performance and porosity is also confirmed by the study by Tsaousi et al. [49], which
focused on the development of geopolymer foams using different origin’s perlite wastes
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and H2O2 as a foaming agent. At the same time, Masi et al. [15] and Ducman et al. [20]
confirm the above observations, using fly ash as the raw material and hydrogen peroxide,
aluminum powder and surfactants as foaming agents.

3.3.2. Image J Analysis

Image analysis was applied in the selected sample (GeoFoam) in order to have a
semiquantitative evaluation of the porosity (Figure 7).
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Figure 7. Digital processing of the scanned geopolymer foam plates. (a) Original scanned image of
the saw-cut flat surface of a sample; (b) with black representing the voids, white the flat material
matrix and red the extracted void boundaries.

The pores are shown in a black color surrounded by red boundaries, as opted by the
scanned images. The pore size distribution of GeoFoam was estimated through ImageJ
analysis (Figure 8). The image processing correlates the surface of the pores and 2D porosity
of the samples and converts this correlation to a percentage of the total surface of the image.
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Figure 8. Image J analysis results for frequency % of voids/cm2 (vertical axis) against the distribution
of the void sizes (area—cm2) (horizontal axis) in GeoFoam sample.

According to the results, a porosity of nearly 82.3% was achieved for the GeoFoam
sample, creating an interconnected network of pores, which is in accordance with the
microstructure study (Figure 6), minimizing the wall thickness between them and justifying
the low compressive strength value.

The pore size distribution (frequency %) was also evaluated through the image analysis
of the samples (Figure 8). Void segmentation measurements of the full polished area of each
board have been made, and the results were summarized in a histogram. The horizontal
axis contains classes of void sizes for each produced sample. These classes are normalized
according to the total area of each sample. The vertical axis represents the frequency of
each class in values of the measured total area in cm2 of the detected voids. The data were
divided into four classes, while the pore size distribution ranged from 100 to 4500 µm,
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which is in accordance with the SEM results, including the estimated pore size diameter
(220–4220 µm).

Even though GeoFoam consists of big pores, as indicated by the microstructure
study and digital processing techniques (Figure 6; Figure 7, respectively), the presence
of small-sized cells (class A) is intensive, while medium pore sizes (class B and C) are
also detected with high frequency. However, a smaller number of bubbles with larger
volumes is produced. This appears to be a result of the merging of many smaller bubbles
into less larger ones, which was easily demonstrated by the SEM (Figure 6) and scanned
images (Figure 7) of the final board. These larger perforated voids clearly form from more
circular voids, as can also be detected by the red threshold voids consisting of smaller
circular shapes.

Pore size is mainly determined by the material’s ability to resist the destabilization
mechanisms, such as coalescence and ripening, which are severe at less viscous slurries,
failing to keep the generated gas amount inside the matrix. As a result, the films between
the bubbles become weak and they start to coalesce, thus increasing the overall pore
size and interconnectivity [46,50–52]. This is in accordance with the histogram above,
while geo presented not only small-, but also big-sized pores, which can be attributed to
the rheological properties of geo (Figure 4), with limited capability to capture the whole
amount of gas in the fresh paste. This leads to the abovementioned interconnection of the
voids, creating channels with a bigger diameter that have been quantified in the histogram
(Figure 8). A similar behavior of geopolymer foams has been reported in a previous study
of Tsaousi et al. [49], using perlite as the raw material and H2O2 as the foaming agent,
indicating that the porosity of the material is strongly dependent on the amount of agent
in the system. Therefore, the rheological properties of the paste as well as proper agent
addition in the system are considered crucial factors, resulting in materials with controlled,
homogenous porosity, after the appropriate adjustments. Figure 8 is also in accordance
with the published study of Kapat et al. [53], presenting the frequency % of different pore
sizes, in protein foams, based on Ti6Al4V powder dispersion.

4. Conclusions

A variety of lightweight materials were produced using Al powder from 0.12 to
0.22% in the geopolymer paste. According to the agent’s addition, the densities of the
materials ranged between 805 and 1100 kg/m3, corresponding to compressive strength
values between 1.28 and 1.82 MPa, respectively. The optimum material in terms of lower
density, homogenous porosity, and satisfying strength was GeoFoam, with 0.15% Al
powder (d: 805 kg/m3 and compressive strength: 1.28 MPa). GeoFoam was also objected
in the thermal conductivity measurement, reaching a value of 0.085 W/mK. The developed
material has a superior thermal conductivity value in relation to the commercial foam
concrete [18], which reached 0.2 W/mK for a density of 800 kg/m3, but has inferior
compressive strength, which is 15% lower than the lowest value of the commercial foam
concrete. So, optimization of the foaming procedure under pressure in autoclaves must be
conducted to improve the mechanical strength of GeoFoam.

So, the produced materials have the potential to be effectively used as thermal insulator
panels, masonry units (blocks), and structural members, according to their specifications.
These properties vary vastly with the density, and thus a suitable density should be selected
based on the intended application [54–58]. Meanwhile, the durability of GeoFoam needs
further understanding and improvement towards identifying the lifetime of this material
when deployed for each of the abovementioned applications.
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